Osmotic stress activates the expression of many plant genes through ABA-dependent as well as ABAindependent signaling pathways. We report here the characterization of a novel mutant of Arabidopsis thaliana, hos5-1, which exhibits increased expression of the osmotic stress responsive RD29A gene. The expression of several other stress genes are also enhanced by the hos5-1 mutation. The enhanced expression is speci®c to ABA and osmotic stress because low temperature regulation of these genes is not altered in the mutant. Genetic analysis indicated that hos5-1 is a recessive mutation in a single nuclear gene on chromosome III. Double mutant analysis of hos5-1 and the ABA-de®cient aba1-1 as well as the ABA-insensitive abi1-1 mutant indicated that the osmotic stress hypersensitivity of hos5-1 is not affected by ABA de®ciency or insensitivity. Furthermore, combined treatments of hos5-1 with ABA and osmotic stress had an additive effect on RD29A-LUC expression. These results suggest that the osmotic stress hypersensitivity in hos5-1 may be ABA-independent. The germination of hos5-1 seeds was more resistant to ABA. However, the hos5-1 mutation did not in¯uence stomatal control and only slightly affected the regulation of growth and proline accumulation by ABA. The hos5-1 mutation reveals a negative regulator of osmotic stress-responsive gene expression shared by ABA-dependent and ABAindependent osmotic stress signaling pathways.
Introduction
The expression of many plant genes is regulated by osmotic stress (Bray, 1993; Skriver and Mundy, 1990; Zhu et al., 1997) . Most of the osmotic stress responsive (OR) genes identi®ed to date can also be induced by the application of exogenous abscisic acid (ABA). Since osmotic stress causes the accumulation of endogenous ABA, ABA is therefore often considered as a mediator of OR gene expression in response to osmotic stress treatments such as drought and high salt. However, the study of OR gene expression has also revealed ABA-independent regulation by osmotic stress. First, the expression of some OR genes cannot be regulated by the application of ABA (Guerrero et al., 1990) . Second, osmotic stress regulation of those OR genes that are responsive to exogenous ABA may not be dependent on endogenous ABA. This has been demonstrated by examining OR gene expression in ABAde®cient or ABA-insensitive mutants (Gilmour and Thomashow, 1991; Gosti et al., 1995; Nordin et al., 1991) . For example, although the RD29A gene can be induced by exogenous ABA, its expression in response to osmotic stress is not abolished in the ABA de®cient aba1 mutant (Nordin et al., 1991; Yamaguchi-Shinozaki and Shinozaki, 1993) . Furthermore, Yamaguchi-Shinozaki and Shinozaki (1994) have identi®ed a novel cis-element (i.e. DRE/Crepeat) in the RD29A promoter that responds to osmotic stress but not ABA. A transcriptional factor that binds to the DRE/C-repeat DNA element has been cloned (Stockinger et al., 1997) . Interestingly, overexpression of this transcriptional factor led to constitutive expression of some OR genes (Jaglo-Ottosen et al., 1998) . None of the other components in the ABA-independent osmotic signaling pathway(s) have yet been identi®ed genetically or biochemically.
Many mutants affected in ABA biosynthesis or sensitivity have been described previously (Cutler et al., 1996; Finkelstein, 1994; Koornneef et al., 1982; Koornneef et al., 1984; Leon-Kloosterziel et al., 1996; Neil et al., 1986) , and some of the mutated genes have been isolated (Cutler et al., 1996; Leung et al., 1994; Leung et al., 1997; Marin et al., 1996; Meyer et al., 1994) . In contrast, little is known about mutations that affect ABA-independent osmotic stress responses. Recently, we have developed a reporter-gene based approach to identify Arabidopsis mutants affected in ABA-independent osmotic signaling (Ishitani et al., 1997) . This was achieved by screening mutagenized plants that express the RD29A-LUC (®re¯y luciferase driven by the RD29A promoter) transgene. We report here the characterization of a novel ABA and osmotic stress signal transduction mutant, hos5-1. In this mutant, the expression of some OR genes is hypersensitive to osmotic stress and the application of exogenous ABA. We present evidence which suggests that osmotic stress hypersensitivity in hos5-1 is independent of ABA. The hos5-1 mutant thus de®nes a point of interaction between ABA-dependent and ABA-independent osmotic signaling pathways.
Results

Identi®cation of the HOS5 locus
Transgenic Arabidopsis thaliana plants containing the RD29A-LUC transgene (referred to here as wild-type) emit luminescence in response to low temperature, osmotic stress or ABA treatment (Ishitani et al., 1997) . Mutants with altered luminescence responses to one or combinations of the inducers were selected from mutagenized RD29A-LUC plants by luciferase imaging (Ishitani et al., 1997) . Preliminary analysis identi®ed a group of mutants with increased responses to both ABA and osmotic stress (high salt) but not to cold. One of these mutants, designated hos5-1 (for high expression of osmotically responsive genes), was chosen for detailed characterization. Seedlings of the wild type and hos5-1 on the same MS agar plate were treated successively with low temperature, ABA and NaCl. The plants were allowed to recover for 2 days between treatments. The colour scale on the right shows the luminescence intensity from dark blue (lowest) to white (highest). Demonstration of segregation of luminescence phenotypes in F 2 populations (wild type Q hos5-1). Plants were sprayed with 100 mM ABA and the image was taken 3 h after the treatment.
of hos5-1 and wild-type seedlings under cold, ABA or high salt treatment. Quantitation of the luminescence intensities demonstrated that hos5-1 plants displayed an enhanced response to ABA, NaCl and polyethylene glycol (PEG) treatments, however, their response to cold was not signi®cantly different from that of the wild type (data not shown). The increased response to both NaCl and PEG stresses indicates that the mutant phenotype is elicited by osmotic stress. Table 1 presents data from the genetic analysis of hos5-1. The results suggest that hos5-1 is a recessive mutation in a single nuclear gene. Figure 1 (f) shows a sample luminescence image of a segregating F 2 population resulting from a cross between wild-type and the hos5-1 mutant. The luciferase expression shown was in response to ABA treatment. Mutants can be clearly distinguished from plants with the wild-type phenotype because of their brighter luminescence. Allelism tests showed that hos5-1 is a single allele and complemented all other mutants we isolated (Ishitani et al., 1997 ) that display enhanced RD29A-LUC expression to ABA and osmotic stress treatments (i.e. mutant line nos 92, 213, 354, 370, 488, 602, 1071, 1415 and 1300) (data not shown).
To genetically map the hos5 mutation, the mutant (in the C24 ecotype) was crossed with wild-type Columbia and the resulting F 1 plants were selfed to obtain a segregating F 2 population. Homozygous hos5 mutants were selected, and genomic DNA was extracted from each of the plants. Mapping was carried out using microsatellite markers (Bell and Ecker, 1994) . As shown in Table 2 , hos5 showed linkage to markers nga162, GL1 and ATHGAPAb on chromosome III. By using the Kosambi function (Koornneef and Stam, 1992) , hos5 was estimated to be 19.5 centimorgans from ATHGAPAb.
Stress gene expression in the hos5-1 mutant Expression of the endogenous RD29A and other OR genes was analyzed in hos5-1 seedlings. The RD29A message accumulated in both wild-type and the hos5-1 mutant in response to cold (0°C for 48 h), ABA (100 mM for 30 min) and osmotic stress (50 mM NaCl or 30% PEG for 1 h) treatments (Figure 2a) . However, the level of induction by ABA or osmotic stress was higher in hos5-1 compared to the wild type. In contrast, the expression under cold stress was not higher but lower in hos5-1. The expression of KIN1, COR15, COR47, RD22 and RAB18 were all higher in the hos5-1 mutant under osmotic stress. The level of KIN1 expression was also higher in the hos5-1 mutant with ABA treatment. However, the ABA-induced expression of RD22, Calculated by the Kosambi function (Koornneef and Stam, 1992) . Osmotic stress signal transduction mutant 571 COR15, COR47 and RAB18 in hos5-1 were not substantially different from those in the wild type. None of the OR genes had elevated expression in the mutant in response to cold treatment ( Figure 2a ). Cold induction of KIN1, COR15 and COR47 in hos5-1 were the same as in the wild type. Furthermore, RD29A, RD22 and RAB18 also had lower steady state mRNA levels in the hos5-1 mutant in response to cold treatment ( Figure 2a ). The expression of the endogenous RD29A gene was also determined at lower ABA concentrations. As shown in Figure 2 (b), signi®cant RD29A induction was observed in hos5-1 plants with as low as 50 nM ABA. In comparison, for wild-type plants, substantial RD29A induction was observed only at 500 nM ABA. As controls, the mRNA levels of actin and the luciferase transgene were also determined ( Figure 2 ). Although the luciferase transcript was more dif®cult to detect than the other genes examined, its level was clearly higher in the hos5-1 mutant when treated with high salt or PEG (Figure 2a ). On the other hand, the expression of actin was not substantially different between hos5-1 and wild-type plants under any of the treatments (Figure 2 ).
Sensitivity of hos5-1 to ABA and osmotic stress
Because the amplitudes of the responses to ABA and high salt are higher in hos5-1 mutant plants (Figure 1 ), we were interested in determining whether the mutant also has increased sensitivities to these signals. Figure 3 (a,b) shows the luminescence response to different concentrations of ABA in hos5-1 seedlings. The response in wild-type plants peaked at 75 mM ABA whereas it was not saturated even at 100 mM ABA in hos5-1. The response in hos5-1 is many times higher than that in the wild type at all ABA concentrations (Figure 3a,b) . The wild type did not exhibit signi®cant response to ABA at concentrations below 250 nM (Figure 3a) . In contrast, substantial response can be detected in hos5-1 mutant at ABA concentrations as low as 10 nM (Figure 3b) .
The hos5-1 mutant also showed an increased sensitivity as well as higher amplitude towards osmotic stress ( Figure  3c ). There was no signi®cant expression in wild type at 50 mM or less NaCl. In comparison, the response in hos5-1 at 50 mM NaCl is nearly twice as much as the wild-type peak response at 300 mM NaCl. Substantial induction of luciferase expression was detected in hos5-1 mutant plants with as low as 5 mM NaCl treatment (Figure 3c) .
The time course of bioluminescence expression in hos5-1 and the wild type in response to ABA or NaCl treatment was also measured (data not shown). The responses were rapid and transient in both wild type and the mutant. The expression in hos5-1 is higher at all time points. The transient nature of luciferase expression in hos5-1 also suggests that the higher luminescence levels in the mutant are not due to increased stability of the luciferase enzyme. One-week-old seedlings were placed on ®lter paper saturated with either MS salt solution (control or ABA treatments) or MS salt plus 200 mM NaCl (NaCl or NaCl plus ABA treatments). For ABA treatment, 100 mM ABA was sprayed on the leaves. Images were taken 4 h after beginning the treatments. Error bars represent standard deviation (n = 20). Open bars, wild type; black bars, hos5-1. Figure 6 . Germination of hos5-1 mutant seeds in the presence of ABA. One hundred seeds from each of the hos5-1 and the wild type were placed on the same ®lter paper saturated with either H 2 O or different concentrations of ABA and incubated at 4°C for 48 h before being placed at room temperature for germination. Germination (with complete penetration of radicals) was scored at different times (days) after being incubated at room temperature. Error bars represent standard deviation (n = 3). d, wild type; j, hos5-1. Hypersensitivity to osmotic stress in hos5-1 is ABAindependent Because osmotic stress induces ABA synthesis in plants, hypersensitivity to ABA could theoretically lead to a hypersensitive response to osmotic stress. To determine whether the increased osmotic stress sensitivity of OR gene expression in hos5-1 is due to ABA-hypersensitivity, we crossed hos5-1 with the ABA-de®cient aba1 mutant (Koornneef et al., 1982) and with the ABA-insensitive abi1 mutant (Koornneef et al., 1984) . Double mutants homozygous for hos5-1 and aba1 or abi1 mutations were selected from the segregating F 2 progeny resulting from the crosses and the phenotypes were con®rmed in the F 3 progeny. As controls, we also obtained aba1 and abi1 mutants that contain the RD29A-LUC transgene by crossing wild-type RD29A-LUC plants with the respective mutants. Figure 4(a) shows that RD29A-LUC expression in the hos5 aba1 double mutant in response to ABA and high salt treatments is similar to that in hos5-1. Therefore, the aba1 mutation did not impair the osmotic stress hypersensitivity of hos5-1 mutant. In the wild-type background, the aba1 mutation reduced the response to osmotic stress but not ABA (Figure 4a ). This is consistent with previous reports (Gilmour and Thomashow, 1991; YamaguchiShinozaki and Shinozaki, 1993) on the effect of aba1 mutation on RD29A expression using Northern analysis.
RD29A-LUC expression in the hos5 abi1 double mutant in response to ABA is lower than in the hos5-1 single mutant (Figure 4b) . However, the abi1 mutation had little effect on RD29A-LUC expression in the hos5-1 mutant in response to osmotic stress treatment (Figure 4b ). In the HOS5 background, the abi1 mutation reduced RD29A-LUC expression in response to both ABA and osmotic stress treatments. These results show that ABA de®ciency or insensitivity does not impair the enhanced osmotic stress response conferred by the hos5-1 mutation and thus suggest that the osmotic stress hypersensitivity in hos5-1 is ABA-independent.
The ABA-independence of osmotic stress hypersensitivity in hos5-1 is also supported by analysis of the interaction of osmotic stress and ABA application. When both ABA and salt were near the concentrations that conditioned the maximum induction of RD29A-LUC, combined treatment with ABA and high salt gave a response that approximates the sum of the individual treatments ( Figure 5 ). In wild-type plants, combined treatment with ABA and high salt also had an additive effect on RD29A-LUC expression. This may be explained by the notion that ABA and osmotic stress activate RD29A expression through two separate pathways, i.e. the ABAdependent and -independent pathways. The additive hypersensitive response observed with hos5-1 indicates that the mutation affects ABA and osmotic stress responses through separate pathways.
Germination of hos5-1 seeds is less sensitive to ABA inhibition ABA has an inhibitory effect on seed germination. Using one batch of wild-type seeds, our initial experiments showed that hos5-1 seed germination was slightly more sensitive to inhibition by ABA. However, subsequent experiments using different batches of wild-type seeds and hos5-1 seeds that had been backcrossed several times revealed that the hos5-1 mutation actually reduces the sensitivity of seed germination to ABA (Figure 6 ). The reduced sensitivity was especially evident at 2.0 mM ABA (Figure 6d ). At ABA concentrations of 3.0 mM or above, germination of both the wild-type and hos5-1 seeds were greatly inhibited and their difference became less clear (data not shown). At 1.0 mM ABA, the hos5-1 seeds were only slightly less sensitive (Figure 6c ). With 0.5 mM ABA or without ABA, little difference was observed between the germination rates of wild-type and hos5-1 seeds ( Figure  6a,b) . Little difference was found between hos5-1 and the wild type in their seed germination responses to NaCl (data not shown).
Other phenotypes of hos5-1
In addition to OR gene expression and seed germination, ABA and osmotic stress affect many other physiological and biochemical processes in plants. It has been documented that ABA inhibits root growth and fresh weight gain, and it also induces proline synthesis in Arabidopsis (Finkelstein and Somerville, 1990; Savoure et al., 1997) . Figure 7 shows that root growth inhibition by ABA was more pronounced in the hos5-1 mutant. The difference in root elongation was most evident at relatively low concentrations of ABA (Figure 7a ). When hos5-1 and the wild-type seedlings were compared using the root bending assay (Wu et al., 1996) , a difference in their root growth was also observed (Figure 7b ). Both hos5-1 and the wildtype seedlings exhibited normal root bending in the absence of ABA. However, in the presence of 30 mM ABA in the agar medium, the wild-type seedlings still showed some root bending whereas the hos5-1 plants did not. The tips of hos5-1 roots swelled in the presence of 30 mM ABA, indicating very strong inhibition by the hormone.
Proline content is slightly higher in hos5-1 than in the wild type when treated with either ABA or NaCl (data not shown). No signi®cant difference in seedling growth as measured by fresh weight gain or root growth was found between the mutant and the wild type under either NaCl or PEG treatments (data not shown). The effect of hos5-1 mutation on stomatal control was evaluated by measuring water loss from excised rosette leaves. The rate of water loss as indicated by fresh weight measurement was not different between hos5-1 and the wild type (data not shown). Thus, the HOS5 locus does not seem to play a role in stomatal control.
The general growth of hos5-1 plants is similar to that of the wild type and there is no striking visible phenotype associated with this mutation.
Discussion
hos5-1 is a novel mutation that affects the regulation of OR gene expression by ABA and osmotic stress but not by cold. The hos5 mutation dramatically increases the ABA and osmotic stress sensitivity of RD29A-LUC expression. The RD29A-LUC expression in hos5-1 could be induced by a few nM ABA or a few mM NaCl (Figure 3) . The low level of`constitutive' RD29A-LUC expression observed in hos5-1 is probably due to induction by unavoidable mild osmotic stress encountered during normal growth conditions or by low levels of ABA present in normal unstressed plants.
Using an immunoassay, we found that hos5-1 plants did not have a higher ABA content whether stressed or unstressed (0.007 mg g ±1 fresh weight for both unstressed wild type and unstressed hos5-1, and 0.10 and 0.11 mg g ±1 fresh weight for stressed wild type and stressed hos5-1, respectively). Despite this extreme sensitivity of RD29A-LUC expression, the mutant is only slightly altered in its sensitivity to ABA with respect to seed germination, root growth and proline accumulation. Mutant plants are not altered in stomatal control by ABA or osmotic stress. Thus, the results suggest that HOS5 is a negative regulator speci®cally for ABA and osmotic stress regulation of OR gene expression, and it may indirectly have only a small impact on some other ABA-and osmotic stress-regulated processes.
One possible explanation for the enhanced osmotic stress induction of the OR genes is due to increased ABA sensitivity of hos5-1 plants. However, our results suggest otherwise. The increased osmotic stress sensitivity of hos5-1 mutant is not impaired by the aba1 mutation (Figure 4a ). The aba1-1 mutation is leaky and the mutant plants still synthesize a low level of ABA (Koornneef et al., 1982; Leon-Kloosterziel et al., 1996) . Nevertheless, if the osmotic stress hypersensitivity of hos5-1 plants is ABAdependent, the aba1-1 mutation is expected to signi®-cantly reduce the osmotic stress induction of RD29A-LUC because the induction in hos5-1 plants was not saturated even at 100 mM ABA (Figure 3a) . The abi1 mutation also did not affect the osmotic stress sensitivity conferred by the hos5-1 mutation (Figure 4b ). Therefore, we believe that the osmotic stress hypersensitivity of hos5-1 plants is ABAindependent. The additive effect of ABA and osmotic stress treatments on RD29A-LUC expression in hos5-1 is consistent with this notion that the hos5-1 mutation negatively regulates osmotic stress responsive gene expression through an ABA-independent pathway ( Figure  5 ). We propose that HOS5 is one of the components shared by an ABA-independent osmotic signaling pathway and a pathway downstream of ABA.
The hos5 mutation not only enhanced RD29A gene expression in response to ABA and osmotic stress, it also increased the induction of several other OR genes by osmotic stress (Figure 2 ). It should be noted that although the endogenous RD29A mRNA levels are six times and two times higher in hos5-1 than in the wild type, respectively, when treated with ABA or osmotic stress, the difference is not as great as that seen with the RD29A-LUC reporter. The recessive nature of the hos5-1 mutation suggests that it acts in trans-. To ascertain that the hos5 phenotype is not caused by a cis-mutation in the introduced RD29A promoter, we have isolated this promoter from hos5-1 and wild-type plants by PCR using transgene-speci®c primers. The sequence of the transgene RD29A promoter in hos5-1 plants is identical to the one from the wild-type RD29A-LUC plants (data not shown). This con®rms that hos5-1 is not a cis-mutation. The discrepancy between the RD29A-LUC expression and the endogenous RD29A mRNA level suggests that the endogenous RD29A mRNA level is under post-transcriptional control in addition to transcriptional regulation. A comparison of RD29A-LUC and the endogenous RD29A expression in the wild-type plants under cold and ABA or osmotic stress treatments also suggests post-transcriptional control of endogenous RD29A mRNA levels. As shown in Figure 1 , RD29A-LUC expression in the wild type is much lower under cold than under ABA or high NaCl treatments. However, the endogenous RD29A mRNA level in the wild type is clearly higher under cold treatment than under either ABA or osmotic stress treatments. Plants may employ this posttranscriptional control (e.g. mRNA degradation) to prevent overaccumulation of OR gene messages under certain conditions such as ABA or high salt treatment. Posttranscriptional regulation of OR genes has frequently been observed whenever attempts were made to correlate mRNA levels with transcriptional activities (for review, see Zhu et al., 1997) .
It is intriguing that the hos5-1 mutation seemed to enhance the steady state mRNA levels of RD29A and KIN1 but not COR15, COR47, RD22 or RAB18 in response to ABA (Figure 3) . One possibility is that hos5-1 affects the transcriptional induction of all of these genes but posttranscriptional regulation may prevent their over-accumulation. It is also possible that RD29A and KIN1 may be regulated by ABA through a different pathway from the other OR genes.
Germination of hos5-1 seeds is slightly less sensitive to ABA inhibition. Although the hos5-1 mutation enhances the expression of several OR genes in seedlings, it is not known whether it has a similar role in seeds. The abi1 mutation alters ABA sensitivity in seeds as well as in vegetative tissues (Finkelstein and Somerville, 1990) . In this respect, the hos5-1 mutation is clearly different. Perhaps this is because hos5-1 affects not only ABA-dependent but also ABA-independent stress gene regulation. Future isolation of the HOS5 gene may help explain its seemingly contradictory roles in vegetative tissues and seeds.
Experimental procedures
Plant materials
Transgenic Arabidopsis thaliana expressing the RD29A-LUC transgene were obtained by Agrobacterium-mediated transformation as described previously (Ishitani et al., 1997) . Ethyl methanesulfonate mutagenized M 2 seeds were planted on 0.8% agar plates containing full strength MS salt (Murashige and Skoog salt base, JRH Biosciences, Lenexa, KS, USA). Seedlings which were 1-week-old were screened for abnormal LUC expression in response to low temperature, ABA or osmotic stress with a video-imaging system comprised of a CCD camera (CCD-512SB, Princeton Instruments, Inc., Trenton, NJ, USA), a controller (Princeton Instruments, Inc., Trenton, NJ, USA) and a computer with WinView image processing software. Detailed procedures on screening and image acquisition and processing were described by Ishitani et al. (1997) .
The isolated hos5-1 mutant was backcrossed with the wild-type RD29A-LUC plant (see section below on genetic analysis) and mutant seedlings were selected from segregated F 2 population by their enhanced luminescence in responsiveness to ABA treatment. All subsequent physiological tests were done with mutants that had been backcrossed at least once.
Stress treatment
One-week-old wild-type and mutant seedlings on the same MS agar plate were used to determine the stress dosage±response curve. Different concentrations of ABA ((+/±)-cis, trans-abscisic acid, Sigma Chem. Co. (St. Louis, MO, USA) dissolved in sterile H 2 O was sprayed uniformly on the leaves of the seedlings. Control treatment was sprayed with sterile H 2 O only. The plates were then covered and kept at room temperature under coolwhite light for a designated time period before luminescence imaging. For NaCl or PEG treatment, seedlings on MS plates were transferred to ®lter paper saturated with different concentrations of NaCl or 30% of polyethylene glycol (molecular weight 6000) in the MS background solution and placed under light at room temperature. For time course determination, luminescence images of the same plates were taken at different time points during the treatment. For luminescence imaging, plants were sprayed uniformly with 1 mM luciferin (Promega, Madison, WI, USA) in 0.01% Triton X-100 and then kept in the dark for 5 min. All images were acquired with 5 min exposure time. The luminescence intensity of each seedling was quanti®ed with the WinView software. Each quantitation is intended to come from similar pixels to ensure uniform background counting.
The study of the interaction between osmotic stress and ABA in inducing RD29A-LUC expression was conducted on ®lter paper saturated with either MS salt solution (control treatment or ABA treatment) or with MS salt solution plus 200 mM NaCl (NaCl treatment or NaCl plus ABA treatment). One-week-old seedlings of hos5-1 and the wild type were placed on the ®lter paper. ABA (100 mM) was sprayed uniformly on leaves. All images were taken 4 h after the beginning of the treatment.
Genetic analysis
Mutant plants were backcrossed with the wild-type RD29A-LUC plants and the resulting F 1 seeds were tested for responses to 100 mM ABA. F 2 seeds were obtained from self-pollinated F 1 plants. The F 2 populations were scored for segregation in responses to low temperature, 100 mM ABA and 300 mM NaCl treatments.
For genetic mapping of hos5 mutation, hos5-1 was crossed with ecotype Columbia with the glabrous 1 mutation. The resulting F 1 plants were allowed to self and the F 2 seeds were collected. Homozygous hos5 mutants in the segregated F 2 population were selected for their ABA-hypersensitive luminescence. Mapping of the mutation was carried out following the procedures of Bell and Ecker (1994) .
Mutant hos5-1 was also crossed with aba1-1 (obtained from the Arabidopsis Biological Research Center, Columbus, OH, USA) and abi1 (provided by Dr M. Koornneef). The F 2 seedlings along with aba1-1, hos5-1 and the wild type were grown on MS agar plates for 1 week. Seedlings homozygous for aba1-1 were selected from the F 2 population by their wilty phenotype in response to low humidity. Those containing abi1-1 were selected by their ability to germinate and grow on MS agar plates supplemented with 10 mM ABA. Selected putative double mutant seedlings were then transferred to soil and allowed to grow and set seeds. The progeny were tested again for hos5, aba1 and abi1 phenotypes. Those that did not segregate with the abi1 phenotypes in the F 3 progeny were considered homozygous for the abi1-1 mutation. Selected double mutant lines were then used for NaCl or ABA treatment to assay RD29A-LUC expression as described above.
RNA analysis
For RNA analysis, seedlings were grown in MS agar plates for 8± 9 days. The seedlings were treated as indicated in the text and total RNA was extracted and analyzed as described previously (Liu and Zhu, 1997) . The RD29A gene-speci®c probe was from the 3¢ non-coding region (Liu and Zhu, 1997) . COR15 and COR47 cDNA (Gilmour et al., 1992; Lin and Thomashow, 1992) were provided by Dr M.F. Thomashow. DNA probes for RD22 (Yamaguchi-Shinozaki et al., 1992) were cloned from genomic DNA of wild-type Columbia plants by polymerase chain reaction. Probe for KIN1 (Kurkela and Franck, 1990 ) was a 0.4 kb EcoR1 fragment of the Arabidopsis expressed sequence tag (EST) clone YAP368T7. Probe for RAB18 (La Ê ng and Palva, 1992) was a 0.8 kb SalI-NotI fragment of the Arabidopsis EST clone 246K10T7.
Germination and water loss measurements
Around 100 seeds from each of hos5-1 and the wild type (collected and dried at the same time and stored under identical conditions) were planted in triplicates on ®lter paper saturated with distilled water or different concentrations of ABA or NaCl. The seeds were then placed at 4°C for 48 h before incubation at room temperature. Germination was scored daily for 10 days after being placed at room temperature. For water loss measurement, plants at rosette stage were detached from soil surface and weighed immediately in a plastic weigh boat. The boat with the plants was then placed on a laboratory bench (relative humidity 20±30%) and weighed at designated time intervals. There were four replicates for each line. Percentage loss of fresh weight was calculated based on the initial weight of the plants.
Growth and proline assays
Germinated seeds on normal MS agar plates were transferred to MS agar plates containing different concentrations of ABA, NaCl or PEG. Each plate contained half wild type and half mutant plants. There were three replicates for each treatment. The seedlings were allowed to grow for 10 days. To harvest, whole seedlings were pulled out of the agar medium and weighed immediately. The samples were then frozen in liquid nitrogen and kept at ±80°C for proline assay. Proline concentration was determined as described by Bates et al. (1973) .
